Purpose: To compare MR elastography (MRE) using a single and a dual driver excitation for the quantification of hepatic and splenic stiffness (HS and SS), and to investigate the performance of HS and SS measured with single or dual driver excitation for the detection of liver cirrhosis in subjects with liver disease. Patients and methods: This prospective HIPAA compliant and IRB approved study involved 49 subjects who underwent MRE at 3.0T, comparing three different acquisition methods (single driver on the liver, single driver on the spleen and dual driver acoustic excitation). A Mann-Whitney test was used to assess changes in stiffness values. Bland-Altman analysis was used to compare single and dual driver configurations for each organ. Performance for detection of liver cirrhosis was assessed using ROC analysis. Pearson correlation was used to estimate the dependence of HS and SS on spleen size. Results: There were 40 noncirrhotic and 9 cirrhotic patients. There was good agreement between stiffness values measured with a single or a dual driver (BlandAltman limits of agreement -14.3 % to 18.9 % and -18.1 % to 29.7 %, CV 6.4 % and 9.4 %, for HS and SS. respectively). HS and SS were higher in subjects with liver cirrhosis (p < 0.001), with excellent detection performance (AUROC range 0.87-0.93). SS correlated strongly with spleen size (r = 0.69, p < 0.001), while HS showed weak correlation (r = 0.38, p = 0.006). Conclusion: Using a dual acoustic driver configuration, hepatic and splenic stiffness can be simultaneously estimated with good concordance with single driver measurement.
Ultrasound-based transient elastography and MR elastography (MRE) provide information on stiffness properties in vivo and reflect changes in tissue stiffness related to pathological conditions. In addition to tissue structure [1] , vascular pressure is another driver of tissue stiffness-higher vascular pressure leading to stiffer, congested organs [2] . Portal hypertension is a complication that develops in patients with advanced liver disease, leading to the formation of collaterals associated with variceal bleeding [3] , which can be diagnosed using the hepatic venous pressure gradient (HVPG) measurement [4] [5] [6] , which is an invasive test. It has been shown that the occurrence of varices, ascites, and splenomegaly correlates with elevated HVPG [7] and that a gradient higher than 12 mm Hg indicates significant risk of variceal bleeding [8] . While portal venous blood pressure may be difficult to assess noninvasively, observing the effect of an elevated portal pressure on hepatic and splenic stiffness (HS and SS) may lead to a quantitative method to diagnose portal hypertension noninvasively [9, 10] .
Transient elastography has been proposed to assess portal hypertension by measuring HS and SS. Recently, Colecchia et al. [11] reported a significant positive correlation between HS (r = 0.836) or SS (r = 0.885) and pressure gradient. HS and SS measured with transient elastography have also been shown to predict the presence of varices and the risk of hepatic decompensation [12, 13] . However, transient elastography is limited by sampling errors because of the reduced acoustic window provided, with failure rates as high as 20% in the liver (mostly in subjects with ascites and overweight) [14] . The success rate of transient elastography may be further decreased in the spleen due to the variable location and size of the spleen and difficulty of the intercostal approach [15] . MR elastography (MRE) is an imaging technique that provides full organ coverage [16] and low variability for stiffness measurement evidenced by excellent inter-scan reproducibility [17] [18] [19] and interreader agreement [20] . For liver fibrosis detection, MRE was shown to be superior to other noninvasive modalities, including transient elastography [19, [21] [22] [23] [24] . Using MRE, it is possible to measure HS and SS and provide a comprehensive assessment of liver fibrosis and portal hypertension. Talwalkar et al. [25] performed MREbased SS measurement in 38 patients with chronic liver disease and found that patients with esophageal varices demonstrated higher SS. Morisaka et al. [26] compared multiple noninvasive techniques and found that SS best correlated with the presence of gastroesophageal varices observed at endoscopy in 93 patients. A recent retrospective study confirmed that HS and SS measured with MRE are strongly associated with the presence of esophageal varices [27] . In addition, strong correlation was reported (r > 0.80) between SS measured with MRE and HVPG in animal models [28, 29] .
Currently, most MRE experiments apply an acoustic excitation by placing a vibrating pad (or passive driver) close to the organ or region of interest. Typically for HS or SS measurement, two different acquisitions should be performed with the driver placed proximal to the liver or spleen, respectively. However, by propagating acoustic waves to both organs simultaneously using a dual driver configuration, HS and SS may be measured in a single acquisition, thus enabling the acquisition of SS maps with no increase in scan time.
The purpose of this study is to compare MRE using a single and a dual driver excitation for the quantification of HS and SS, and to investigate the performance of HS and SS measured with single or dual driver excitation for the detection of liver cirrhosis in subjects with liver disease.
Subjects and methods

Patients
This was a prospective single center study, HIPAA compliant, IRB approved, and funded by NIDDK. All subjects gave signed informed consent prior to the exam. Between April 2012 and February 2013, 49 subjects (M/F 26/23, mean age 48 years, range 19-70 years), including 8 healthy volunteers (M/F 3/5, age 29 years, range 19-39 years) and 41 subjects with liver disease (M/F 23/18, age 53 years, range 21-70 years) were enrolled. All subjects underwent MRE to assess liver and spleen stiffness. Diagnostic of liver cirrhosis was based on clinical history and imaging findings. Among the subjects with liver disease, nine had liver cirrhosis. Among cirrhotic patients, 7 had hepatitis C virus (HCV) infection, 1 had NASH, and 1 had primary biliary cirrhosis. The patient group with no cirrhosis (n = 32) included 28 with chronic liver disease [HCV (n = 18), HBV (n = 5), NASH (n = 3), autoimmune hepatitis (n = 1), Wilson disease (n = 1)], 4 with suspected benign or metastatic liver lesions and no history of chronic liver disease.
MRI/MRE acquisition
All examinations were performed on a 3T scanner (GE 750, GE-Healthcare, USA) using a phased array 32 channel body coil. The routine part of the exam consisted of turbo spin echo anatomical sequences, T2* imaging for iron quantification (not reported in this work), 3D inand opposed-phase for fat quantification diffusionweighted imaging (b values 0, 50, 500, and 1000 s/mm 2 ) (not reported in this work), and contrast-enhanced T1 weighted multiphase acquisition used for detection of hepatic lesions and abdominal varices. For MRE wave generation, two 19 cm-diameter passive acoustic drivers were placed on either side of the chest, with their center at the level of the xiphoid process. 4 slices including mid liver and spleen were prescribed in axial orientation, using turbo spin echo coronal and axial localizer images. To compare different acoustic excitation methods, two acquisitions were performed with each driver connected (driver amplitude 50 % of maximum amplitude), followed by a third acquisition with both drivers connected using a PVC Y-shaped connector (driver amplitude 70 %) (Fig. 1) . The driver amplitude for the latter configuration was chosen to compensate for the decrease in wave intensity when connecting two drivers in parallel
Wave imaging was performed using a modified phase contrast gradient echo sequence with motion encoding gradients along three orthogonal axis, with TR/TE 50/22 ms, resolution 1.4 9 2.8 mm 2 , slice thickness 10 mm, and ASSET 2. The frequency of acoustic excitation was set to 60 Hz. A two dimensional inversion algorithm generated stiffness maps from wave images during the exam, assuming in-plane wave propagation. The elastogram was calculated using wave images from all three encoded motion directions. For each driver configuration, all 4 slices were acquired in 4 consecutive breath holds at end expiration. The same slice locations were reproduced for the three different configurations. An example of MRE acquisition is shown in Fig. 1 .
Image analysis
MRE analysis was performed by a physicist with 3 years of postdoctoral experience using MRE Quant software (Mayo Clinic, Rochester, USA). ROIs were drawn on stiffness maps of 4 slices in the liver (mean liver ROI size 23 cm 2 ) and spleen (mean spleen ROI size 10 cm 2 ) parenchyma. Voxel wise stiffness values were extracted for the liver and spleen, and an average organ stiffness value was computed from all measured voxels in all 4 slices. A confidence index (ranging from 0 % to 100 %) for stiffness measurement was estimated using an algorithm reflecting signal to noise ratio, wave amplitude, multi path wave interference, and inversion algorithm performance. Voxels with less than 95 % confidence were discarded from the ROI analysis. In order to compare single and dual driver acquisitions, the ROI locations were copied between the three different driver configurations.
Two radiologists in consensus (CB, NC, with 3 and 1 years' experience) assessed spleen dimension, measured in craniocaudal direction using anatomical images (HASTE).
Statistical analysis
Agreement in HS and SS between single and dual driver acquisitions was analyzed in terms of the Bland-Altman limits of agreement (LA, in percentage) and coefficient of variation (CV, in percentage). We defined excellent, good, moderate, and poor agreement as CV < 10 %, 10 % < CV < 20 %, 20 % < CV < 30 %, and CV > 30 %, respectively. HS and SS differences were compared using Mann-Whitney test. Pearson correlation was used to assess the relation between single and dual driver measurements of the stiffness, as well as between HS/SS and spleen size. Performance for detection of liver cirrhosis was assessed using receiver operating characteristic (ROC) analysis. Differences in area under the ROC curve between single and dual driver configurations were estimated using the DeLong test [30] . p values lower than 0.05 were deemed significant. Matlab Statistical Toolbox (R2014a, Mathworks, Natick, USA) was used for statistical analysis.
Results
Comparison of single and dual driver excitation
There were no cases of MRE failure. When comparing stiffness values between a single and a dual driver excitation, we found excellent agreement for HS (Table 1 , CV 6.4 %, LA -14.7/19.3 %) and SS (CV 9.4 %, LA -18.6/30.2 %). Similar agreement between single and Fig. 1 . 63-year-old male with advanced liver fibrosis secondary to chronic hepatitis C. Example of wave patterns (top, with acoustic drivers shown as grayed rectangles) and stiffness maps (bottom) in a single driver excitation in the liver (left) and spleen (middle); and a dual driver exciting the liver and spleen simultaneously (right). Using a dual driver in a single acquisition, high wave amplitudes are observed in both organs simultaneously. Average stiffness values were HS (hepatic stiffness, single driver): 4.99 kPa, SS (splenic stiffness, single driver): 6.68 kPa, HS (dual driver): 5.33 kPa, and SS (dual driver): 6.86 kPa. When using a single liver driver, the low wave amplitude at the location of the spleen did not provide sufficient confidence for stiffness measurement (confidence 50-80 %). Similarly, a single driver placed proximal to the spleen generated low wave amplitude, low measurement confidence resulting in underestimated stiffness in the liver right lobe. Only using two drivers allowed for high wave amplitude and good measurement confidence in both organs.
dual driver acquisitions was observed in subjects with cirrhosis or without cirrhosis (Table 1) . Bland-Altman plots are shown in Fig. 2 . Correlation between single and dual driver stiffness values was high (r = 0.98 for HS, 0.94 for SS, p < 0.001 for both). There was no significant difference between single and dual driver for HS (p = 0.744) or SS (p = 0.290). There was a weak correlation between HS and SS values in all subjects (r = 0.35, p = 0.013).
Detection of liver cirrhosis using liver or spleen stiffness
Subjects with liver cirrhosis had significantly higher HS and SS compared to subjects without (p < 0.001, Table 2 ) for single as well as for dual driver configurations. Performance for the detection of liver cirrhosis was excellent, with area under the ROC curve (AUROC) of 0.92 (single driver) and 0.93 (dual driver) using HS and 0.87 (single driver) and 0.92 (dual driver) using SS ( Table 2) . Detection performance was similar between single and dual driver configurations (p > 0.16). ROC curves are shown in Fig. 3 .
Variation of stiffness with spleen size
A strong significant correlation was observed between SS and spleen size (r = 0.69, p < 0.001), while HS correlated weakly with spleen size (r = 0.38, p = 0.006). Scatter plots are shown in Fig. 4 .
Discussion
We have investigated the potential for simultaneous measurement of hepatic and splenic stiffness within one acquisition using a dual acoustic driver configuration, compared to repeated acquisitions with a single driver on each organ of interest. We found that HS and SS values were in good to excellent agreement between a single and a dual driver configuration, and that the performance for detection of liver cirrhosis using HS or SS was similar with either configuration. Moreover, we observed strong correlation between SS and spleen size, while HS showed only weak correlation.
The comparison between single and dual driver acquisitions suggests similar values for HS and SS. Given that each acoustic driver efficiently excites a region about the size of its diameter (19 cm) , it may be anticipated that placing one driver on either side of the chest would cause minimal wave interference, and thus, the quality of stiffness determination should not be affected by a dual driver configuration. In addition, the inversion algorithm used in our study includes correction of interference patterns [31] . In the liver, the agreement between single and dual driver configurations lies within previously reported reproducibility of the technique (limits of agreement ranging from 18 % to 35 % as reported by Lee et al. [19] ). There are no data available for variability of spleen Fig. 3 . ROC curves for the detection of liver cirrhosis using hepatic stiffness (left) or splenic stiffness (right). Similar performance was measured between a single driver (solid line) and dual driver excitation (dashed line). AUCs are given in Table 2 . [21, 23, 24, 32] . Changes in HS that occur in fibrosis-likely reflect changes in tissue structure due to collagen deposition, capillarization of sinusoids, tissue degeneration, and scarring. However, blood flow/pressure in the hepatic vascular system also affects HS [2] , which leads to confounding effects between liver fibrosis and an elevated portal pressure. Alternatively, SS may reflect exclusively the occurrence of portal hypertension. In our experience, we found that SS correlated strongly with spleen size, which may reflect splenomegaly that occurs in portal hypertension. Furthermore, excellent performance was observed for liver cirrhosis detection using HS or SS in a single or dual driver configuration.
Using transient elastography, previous studies have reported correlation between hepatic vein pressure gradient and both HS and SS, with higher performance for SS [11] [12] [13] [33] [34] [35] . Although feasibility of splenic stiffness measurement with transient elastography has been demonstrated, it should be mentioned that the measurement procedure involves placing the tip of the probe in a region previously targeted using ultrasound imaging as spleen parenchyma, thus might be prone to localization errors [15] . Splenic stiffness measurement using MRE has been investigated in fewer studies. The feasibility of SS measurement using MRE was demonstrated with either a passive [25] of an active piezoelectric driver [36] . Talwalkar et al. [25] evaluated hepatic and splenic stiffness in 12 healthy volunteers and 38 patients with liver disease, and found that in patients with esophageal varices the SS was above 10.5 kPa. Similarly, Morisaka et al. [26] found that SS had highest correlation with gastroesophageal varices observed at endoscopy, and found 93 % sensitivity for diagnosing severe varices when using a SS threshold value of 7.1 kPa. A recent retrospective study using 3D EPI sequence also demonstrated that HS-MRE and SS-MRE are strongly associated with the presence of esophageal varices [27] , and may be a better marker than spleen size for assessing the presence of esophageal varices. In a canine model of portal hypertension, Nedredal et al. [28] observed a strong correlation between SS and HVPG (r 2 = 0.86). In a porcine model, Yin et al. [37] observed also a strong correlation between HS and SS and direct portal pressure measurement. In a recent study, Ronot et al. [38] evaluated multifrequency MRE vs. HVPG measurements in patients with portal hypertension and found that the spleen loss modulus has highest performance for severe portal hypertension and high risk varices.
Although our experience suggests that MRE is a promising tool to assess advanced liver disease using SS and HS in the same acquisition, there are some limitations to this study. First, the sample size of patients with liver cirrhosis was small. Second, we have used a two dimensional stiffness inversion algorithm that assumes in-plane wave propagation. Using a three-dimensional algorithm may lead to improved precision for HS and SS and further increase the agreement between stiffness values measured with single and dual driver configurations.
In conclusion, MRE of the liver and spleen can be performed simultaneously using a dual acoustic driver configuration. Hepatic and splenic stiffness showed high performance for liver cirrhosis detection using either a single or dual driver acquisition, and splenic stiffness correlated strongly with spleen size. Spleen MRE is a promising method to assess portal hypertension and may complement liver MRE for assessment of the severity of liver disease.
